In the present study, the system for the belt rotation was totally changed in order to investigate the effect of the oscillation on the oil infiltration. In the previous experiment that neglects the oscillating motion, a normal AC motor was used just for the belt movement at constant velocities. 26) In contrast, in this study, an AC servomotor was installed with a controller that is connected to a function generator (see Fig. 2 ). Using this system, the belt velocity was set as a function that consists of both time independent and time dependent velocities. The time independent velocity, V C , corresponds to casting velocity, and the time dependent velocity, V M , represents oscillating velocity of mould, which is written as:
Introduction
In continuous casting of steel, mould oscillation is a key technology that has significant effects on not only the surface quality of slabs but also the stability of casting operation. As a basic guideline of the oscillation, the concept "negative strip" proposed by Halliday 1) in the 1950's has largely contributed to the stable operation of the process. In triangular mould reciprocation of his caster, the downward velocity of the mould was chosen to be slightly higher than the withdrawal velocity of the strand. This made it possible to prevent the sticker breakouts. In sinusoidal oscillation that is commonly used today, a criterion for mould oscillation is "negative strip time," which is defined as the time interval in each cycle of oscillation during which the downward velocity of the mould exceeds the withdrawal rate of the strand (see t N in Fig. 1(a) ). 2, 3) Empirically, a negative strip time is recommended to be more than 0.1 s. In addition, "positive strip time" is defined as the period during which the withdrawal rate of the strand exceeds the oscillating velocity of the mould in a downward direction (t P in Fig. 1(a) ).
In powder casting that employs mould flux as a lubricant in the mould, consumption of the mould flux that is infiltrated between the mould wall and the solidifying shell is another important index for lubrication in the mould. Thus, the relation between casting parameters and mould flux 1432 
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Cold Model Experiment on Infiltration of Mould Flux in Continuous Casting of Steel: Simulation of Mould Oscillation
Toshiyuki KAJITANI, 1) Kensuke OKAZAWA, 2) Wataru YAMADA 1) and Hideaki YAMAMURA (Received on April 26, 2006 ; accepted on July 24, 2006 ) For mould flux infiltration in an oscillating mould, we develop a new cold model experiment in which silicone oil is infiltrated down between a moving belt and an acrylic plate. The apparatus is designed on the basis of the following concepts:
(1) The film thickness of liquid flux channel is varied during mould oscillation with the balance between the pressure in the flux channel and static pressure in the molten steel pool.
(2) The flux channel has a profile that it becomes wider along casting direction. For this purpose, the film thickness of the infiltrating oil, which can be changed by the oscillating motion of the belt, is directly measured employing a linear gauge sensor.
The experiment reveals that the film thickness is increased during the upward motion of the belt and is decreased during the downward motion. Using the measured film thickness, a theoretical model calculates infiltration rate of the oil that corresponds to mould flux consumption in casting operation. It successfully reproduces the empirical observation that mould flux consumption decreases with increasing casting velocity, flux viscosity or oscillating frequency. Those results provide a new mechanism of mould flux infiltration, where the flux is infiltrated down from the last stage of positive strip time until the latter half of negative strip time. In this period, the downward motion of the mould and strand draws the flux down through the channel that has been widen by the preceding upward stroke of the mould.
KEY WORDS: continuous casting; mould flux; infiltration; oscillation; lubrication; modeling; simulation. consumption has been experimentally investigated in casting operation. These investigations have provided various empirical equations for mould flux consumption. According to those equations, [4] [5] [6] [7] [8] [9] [10] the flux consumption decreases, as the casting velocity, mould flux viscosity or oscillation frequency is increased. It is also known that the consumption is increased with increasing the positive strip time, not the negative strip time that is essential for the stability of casting operation.
11)
For more physical understanding of mould flux infiltration in a reciprocating mould, some researchers have discussed the time interval in a cycle of oscillation during which mould flux infiltrates into the channel between the mould and the solidifying shell. Emi et al. 12) proposed the basic mechanism of the formation of oscillation marks, and they indicated that mould flux infiltrated into the channel during the negative strip time in the sequence of oscillation mark formation. In addition, a slag rim, non-melted mould flux that is attached to the mould wall above meniscus level, has a function that "pumps" the flux into the channel.
In contrast, Kitagawa et al. 11) proposed another mechanism in which liquid flux infiltrates into the channel during the positive strip time rather than the negative strip time. This is based on their observation that more mould flux is consumed with increasing the positive strip time. 11) In their understanding, during the negative strip time a solid flux layer in the vicinity of the slag rim closes the entrance of the flux channel, and obstructs the flux infiltration.
Theoretical models have been also developed to analyze the infiltration behavior of mould flux. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Most of these models calculate the flow of viscous liquid in the channel between parallel or non-parallel boards corresponding to the gap between a mould and a shell. The calculated results indicated that liquid flux flows down into the channel mainly during the negative strip time, which is the same as the mechanism proposed by Emi et al. 12) This is because in this period the liquid flux that is in contact with the mould is drawn down by the down stroke of the mould. However, those calculations have not reproduced even qualitatively the relation between casting parameters and mould flux consumption: the calculated dependency of flux consumption on casting velocity and mould oscillation frequency is contrary to the observation in continuous casting operation. Accordingly, the theoretical understanding of mould flux consumption is still insufficient.
To address this problem, we developed a theoretical model based on Reynolds' equation that satisfies the conservation of mass and momentum of liquid flux between a mould and a solidifying shell. 23, 24) While most previous analyses assumed a fixed film thickness of liquid flux in the channel, [13] [14] [15] [16] [17] [18] [19] the basic concept of our model is that the film thickness can be varied during each cycle of oscillation. It is presumed that an initially solidifying shell can move perpendicular to the mould wall with the balance of forces acting on the shell: static pressure in the molten steel and dynamic and static pressure in the liquid flux channel.
The difficulty in understanding mould flux infiltration is also attributed to the fact that this phenomenon cannot be directly observed in a continuous casting mould. For this reason, we develop a new cold model experiment in which silicone oil is used as an analogue of mould flux. In the experiment, the oil is infiltrated down into the channel between an acrylic plate and a moving belt. Differing from similar experiments that have been previously reported, 16, 25) this apparatus is designed so that the film thickness of oil in the channel can be varied during the belt motion. Moreover, a linear gauge sensor that is installed in the apparatus directly detects the film thickness during the experiment.
In the preceding study, 26) the experiment was carried out in a simple situation that neglects the oscillating motion. It revealed that the profile of the flux channel below meniscus has critical influence on the infiltration behavior of mould flux. Only the channel that becomes wider along the casting direction provided a reasonable explanation for the observation in casting operation that mould flux consumption is decreased with increasing casting velocity or mould flux viscosity. The present contribution will focus on mould oscillation with further improvement of the experiment.
Experimental Procedure
Mechanical System for Simulating the Motion of a
Solidified Shell The experimental apparatus is illustrated in Fig. 2 . Silicone oil is poured into the channel between a moving polyester belt and an acrylic plate. As precisely described in the preceding article, 26) this experiment is characterized by the following mechanisms around the acrylic plate.
Firstly, the acrylic plate, which is not fixed to the frame of the equipment, moves smoothly along a guide rail in the perpendicular direction to the belt surface. This is based on the idea that a solidifying shell, not perfectly constrained in the mould, can move in the perpendicular direction to the mould wall.
Secondly, an air cylinder that is located behind the acrylic plate pushes the back surface of the plate toward the belt surface at a constant pressure. This represents that the solidifying shell is pushed toward the mould wall by the static pressure of molten steel in the mould.
Thirdly, a linear gauge sensor that is also in contact with the back of the acrylic plate detects the horizontal movement of the plate during the experiment. This provides the film thickness of infiltrating oil at the entrance of the channel.
System for Simulating Mould Oscillation
In the present study, the system for the belt rotation was totally changed in order to investigate the effect of the oscillation on the oil infiltration. In the previous experiment that neglects the oscillating motion, a normal AC motor was used just for the belt movement at constant velocities. 26) In contrast, in this study, an AC servomotor was installed with a controller that is connected to a function generator (see Fig. 2 ). Using this system, the belt velocity was set as a function that consists of both time independent and time dependent velocities. The time independent velocity, V C , corresponds to casting velocity, and the time dependent velocity, V M , represents oscillating velocity of mould, which is written as:
Where, t is the time, S and f indicate the stroke and frequency of oscillation, respectively.
During the experiment, both the rotating velocity of the servomotor and displacement of the acrylic plate measured by the linear gauge sensor are transmitted simultaneously to a personal computer. This makes it possible to observe dynamic change in the film thickness of the oil in relation to the cyclic variation in the belt velocity. In a continuous casting mould, the in-situ observation of the film thickness of mould flux cannot be realized during operation. The present cold model, which overcomes this problem, will provide a better understanding of the infiltration behavior of mould flux.
Precisely, there remains a difference between the mould flux infiltration in continuous casting and the oil infiltration in this experiment as indicated in Fig. 1 . In continuous casting, the strand is moving downward at casting velocity, V C , and the mould is reciprocating at V M . On the other hand in the present experiment, for simplicity of the mechanism in the apparatus, the acrylic plate is fixed in the vertical direction and only the belt is moving at V C ϩV M . This discrepancy will be discussed on the basis of our theoretical model. 23, 24, 26) In our previous report, 26) the infiltration of silicone oil in this experiment was formulated by the Navier-Stokes equation for the simple case neglecting the oscillation. For the purpose of including the oscillation for the present study, only its boundary condition at the belt surface must be changed. Thus, replacing the boundary condition uϭV C with uϭV C ϩV M at zϭ0 in Eq. (3) in Ref. 26 ) and solving it, one obtains a force with which the acrylic plate is pushed away from the belt by pressure generated in the oil channel,
Where L represents length of the oil channel, m the dynamic viscosity of oil, r the density of oil, g the gravity constant, P 0 , P L the pressure at the entrance and exit of the channel, respectively. P 0 is set to pgd in which d is depth of oil pool, P L is zero. (6) Where x is the distance from the entrance of the channel along the belt surface, and h(x) is the film thickness of oil as a function of x. Each of the three terms of Eq. (2) represents the contribution of the dynamic pressure induced by the belt motion, the head pressure of the oil pool and the gravity force acting on the oil located in the channel, respectively.
Solution In Eq. (7), the first term presents the infiltration rate of the oil that is drawn down by the movement of the belt. The second term indicates the contribution of head pressure in the oil pool located above the channel. The third term shows the effect of gravity acting on the oil that exists inside the channel.
Equations (2), (7) are exactly the same as Eqs. (14), (19) of Ref. 23 ) that represents the force acting on a solidifying shell and the mould flux consumption rate, respectively, in the theoretical analysis for continuous casting. This means that the infiltration of the oil in this experiment is equivalent to the mould flux infiltration in continuous casting. Consequently, the present experiment reasonably simulates the infiltration behavior of mould flux in a continuous casting mould.
In addition, Q divided by V C gives the oil infiltration, q (kg/m 
Experimental Conditions
The previous experiment neglecting the oscillation 26) reveals that profile of the channel has critical influence on the
infiltration behavior of the oil. In the channel that becomes narrower along the downward direction, an increase in the downward velocity of the belt and/or the viscosity of oil enhances the oil infiltration. In contrast, in the channel that becomes wider in the downward direction, the increase in the velocity and/or oil viscosity reduces the infiltration of the oil. In order to understand the common observation that mould flux consumption is reduced by an increase in casting speed or the viscosity of mould flux, the flux channel must have a profile that becomes wider along the casting direction. On the basis of this result, the present experiment employed the channel that becomes wider in the downward direction, as described in Figs. 1 and 2. The acrylic plate had an angle of 0.5 degrees to the surface of the belt; the channel is 0.87 mm wider at its exit than at its entrance. During the experiment, the acrylic plate was pushed by the air cylinder with a pressure of 0.00033 MPa. This pressure is lower than the average ferrostatic pressure at meniscus region in a continuous casting mould. 26) However, this value was chosen for easier detection of the film thickness of oil using the linear gauge sensor. The pouring rate of the oil was controlled so that the oil pool had a depth of 30 mm. In order to investigate the effect of casting variables like the viscosity of mould flux, casting velocity, stroke and frequency of mould oscillation on the flux infiltration, oil with two different viscosities was examined, and V C , S and f were varied using the function generator.
Infiltration Behavior of Oil during the Oscillating
Motion of the Belt
Experimental Results
Figures 3(a) and 3(b) display variation in the oscillating velocity of the belt and its influence on change in the film thickness of oil, respectively. In Fig. 3(a) , t N indicates the period during which the downward velocity of the oscillation, V M , exceeds the time independent velocity, V C . This corresponds to the negative strip time in continuous casting. The other period, t P , corresponds to the positive strip time. In the same figure, during the time interval beteeen t 1 and t 2 V C ϩV M is negative, which means that the belt moves upward, and from t 2 to t 4 V C ϩV M is positive, which means that the belt moves downward.
In Fig. 3(b) , the oscillating motion provokes the cyclic variation in the film thickness, that is, the periodical opening and closing of the channel between the acrylic plate and the belt. Precisely, in a cycle of oscillation, the channel is closed for a while in the beginning of the positive strip time. Then, the channel starts to be opened around tϭt 1 , and it is followed by the rapid increase in the film thickness. After the upward velocity of the oscillating motion becomes maximum, the film thickness more slowly augments and reaches its maximum around tϭt 2 . Then, the downward motion of the belt rapidly decreases the film thickness until the complete closing of the channel at tϭt 3 in the latter half of negative strip time.
Discussion
Substituting the measured film thickness of the oil into Eq. (7), one can calculate variation in the infiltration rate, Q. In Fig. 3(c) , a positive value in the vertical axis indicates oil infiltration in the downward direction, and the negative means the upward movement of the oil in the channel. It can be seen that the oscillating motion of the belt provides periodical movement of the oil in the downward and upward, that is, forward and backward, direction through the channel. Repeating this sequence, the silicone oil is on average infiltrated down into the channel.
During the period t 1 -t 3 in which the channel remains opened in a cycle of the oscillation, the oil flows back upward from tϭt 1 to tϭt 2 in which V C ϩV M is negative, and then it flows down from tϭt 2 until tϭt 3 in which V C ϩV M is reversed to be positive. This is because in Eq. (7) oil infiltration is strongly dependent of the first term that includes V C ϩV M . In other words, the oil is moved in the channel mainly with drawing of the moving belt. Thus, the oil infiltrates down while the channel remains opened and the belt moves downward (V C ϩV M Ͼ0). In the case that is shown in Fig. 3 , the period of downward infiltration (t 2 -t 3 ) is from a moment in the latter half of positive strip time towards a moment in the latter half of negative strip time. It should be noted that the period is not directly related to either negative strip time or positive strip time. The result is different from both of the above-described mechanisms that have been proposed regarding mould flux infiltration. 11, 12) Next, the cyclic change in the film thickness of the oil is discussed in detail. As described earlier, the acrylic plate is pushed away from the belt surface with the force F that is expressed by Eq. (2). Substitution of the measured film thickness into Eq. (2) gives variation in F during the oscillating motion. In Fig, 3(d) , force F mainly has positive values through the upward motion of the belt. The belt motion provides a force that pushes the acrylic plate away from the belt surface, which poses the increase in the film thickness that is represented in Fig. 3(b) . In contrast, during the downward movement of the belt, the force is reversed to be negative, and the acrylic plate is drawn back towards the belt surface. As a result, the film thickness decreases or remains at zero in this period. This relation between the moving direction of the belt and the direction of the force acting on the acrylic plate is attributed to the profile of the oil channel that becomes wider along the downward direction. When the belt is moving in upward direction (V C ϩV M Ͻ0) that is in the opposite to the widening direction of the channel, the belt motion provides positive dynamic pressure in the channel, which pushes away the acrylic plate from the belt. This is because the first term of Eq. (2) that presents the contribution of the dynamic pressure in the channel has a positive value in this case. In contrast, the downward movement of the belt that is along the same direction as the channel widening direction generates negative pressure in the channel, which draws the acrylic plate back to the belt.
Effect of Experimental Parameters on the Oil Infiltration
Experimental and Calculated Results
In order to confirm that the oil infiltration in this experiment can be regarded as the same phenomena as the mould flux infiltration in continuous casting, the experimental parameters that represent the operating variables in the casting process were investigated.
Firstly, the effect of the oil viscosity on variation in the film thickness and the infiltration rate is examined (Fig. 4) . In Fig. 4(b) , which shows the variation in the film thickness, the oil viscosity barely affects the process in which the upward motion of the belt (V C ϩV M Ͻ0) opens the channel and increases the film thickness of the oil. However, in the process in which the downward motion closes the channel (V C ϩV M Ͼ0), use of the oil with the higher viscosity results in earlier and more rapid decreasing of the film thickness. Accordingly, the infiltration rate of oil that is calculated from the measured film thickness decreases during the downward motion of the belt, when the oil with the higher viscosity is used (Fig. 4(c) ). Figure 5 shows the influence of the time independent velocity V C representing the casting velocity on the oil infiltration. As described in Fig. 5(b) , in each cycle of the oscillation, the increase in V C shortens the period during which the channel is maintained open, and it decreases the maximum in the variation of the film thickness. As a result, in the calculation of infiltration rate (Fig. 5(c) ), both downward flow rate and upward flow rate is decreased by the increase of V C . Since the oil infiltration, q that corresponds to mould flux consumption in continuous casting is not apparent in this figure, it has been calculated substituting the averaged value of the infiltration rate Q into Eq. (8). Figure 6 shows that an increase in the time independent velocity V C , as well as the viscosity of oil, reduces the average infiltration of oil. Those results are in good agreement with the observations of mould flux consumption in continuous casting operation.
4-10)
Next, the effect of the oscillating velocity of the belt is investigated. Figure 7 shows the oil infiltration with various oscillating frequencies. In this figure, a non-dimensional time, the time multiplied by the frequency, is taken as the horizontal axis. Figure 7 (b) reveals that oscillating frequency does not have a large influence on the maximum and variation in the film thickness of the oil. However, the infiltration rate that is calculated from the observed film thickness is strongly dependent on the frequency. As described in Fig. 7(c) , a higher oscillating frequency results in enhancement of both the downward and upward flow rate of the oil. In particular, the contribution towards the upward (backward) flow is more remarkable. As a result, the average infiltration of oil decreases with increasing oscillating frequency, as shown in Fig. 8 . Finally, the influence of oscillating stroke, S, on the oil infiltration is displayed in Fig. 9 . The maximum film thickness of oil in each cycle of oscillation is clearly increased by an increase in the stroke, as described in Fig. 9(b) . This is in contrast with the observation that the frequency does not largely change the maximum film thickness. In the calculation of the infiltration rate (Fig. 9(c) ), the increase in the stroke increases the flow rate in both the upward and downward movement of the oil. Consequently, the oscillating stroke does not have an apparent influence on the average oil infiltration (Fig. 8). 
Discussion
The observed relations between the experimental parameters and the oil infiltration are discussed below.
Firstly, the contribution of oil viscosity to the infiltration is explained by change in dynamic pressure generated in the oil channel. Figure 4(d) shows the force F that is deduced from Eq. (2) for the oils with two different viscosities. During the down stroke of the belt that generates negative dynamic pressure in the channel, the higher viscosity strongly increases the negative value of the force F. This results in the rapid closing of the channel in the same period, as represented in Fig. 4(b) .
The influence of oil viscosity on the cyclic variation in the film thickness observed in this experiment is in good agreement with the numerical result in which we analyzed mould flux infiltration. In the numerical analysis, 24) large flux viscosities also pose the earlier closing of the channel, which results in the decrease of mould flux consumption.
The relation between V C and the oil infiltration can also be understood from variation in force F during the oscillation (Fig. 5(d) ). In the upward motion of the belt, the higher V C , which decreases the upward velocity of the belt, reduces the force that pushes the acrylic plate away from the belt. During the downward motion of the belt, the higher V C that increases the downward velocity enhances the force that draws back the acrylic plate towards the belt surface. With both of these contributions, the increase of V C provides the reduction in the film thickness and infiltration of the oil.
Next, the influence of the oscillating parameters on the oil infiltration is discussed. We will firstly focus on the finding that the maximum film thickness of oil is dependent of not the oscillating frequency but the stroke. In our numerical analysis, 24) the inertia force that acts on a solidifying shell delays the cyclic motion of the shell in relation to the oscillating motion of the mould. It also clarified that the phase shift between both the cyclic motions has an important influence on mould flux infiltration. Similar phase shifts are also observed between the motions of the belt and the acrylic plate in this experiment. For example, the film thickness of oil reaches its maximum, for a while after the upward velocity of the belt becomes the highest. This indicates that the inertia force acts on the acrylic plate, as well as on a solidifying shell in continuous casting.
The inertia force will influence the variation in the film thickness in the following way. During the upward motion of the belt, an increase in frequency and/or stroke of the oscillation, which generates positive dynamic pressure in the channel, enhances the force F that pushes the acrylic plate away from the belt (see Fig. 7(d) and Fig. 9(d) ). Nevertheless, the increase of the frequency does not have a large influence on the motion of the acrylic plate and thus the film thickness. It is attributed to the inertia force that makes it difficult for the acrylic plate to follow the rapid motion of the belt in higher frequencies. In contrast, the increase of the oscillating stroke makes the film thickness larger. This means that the acrylic plate can follow the motion of the belt more easily than in the case increasing the frequency. This is probably due to the fact that an increase in the oscillating stroke does not shorten the cycle of oscillation, although it poses a rapid movement of the belt.
For understanding of the change in the oil infiltration by the oscillating parameters, the flowing direction and velocity of the oil should be also considered, as well as the variation in the film thickness. In Eq. (7), which provides the infiltration rate of the oil, the contribution of the first term that represents the oil infiltration pulled down by the moving belt is more significant than the others. Therefore, the oil is mainly infiltrated down during the period V C ϩV M Ͼ0, and it flows back upward during the period V C ϩV M Ͻ0. Since an increase in oscillating frequency increases the ratio of the period in which V C ϩV M becomes negative to one cycle of oscillation (see Fig. 7(a) ), it contributes to the promotion of the upward (backward) flow more than the downward flow as shown in Fig. 7(c) . As a result, it poses the reduction in the oil infiltration (Fig. 8 ).
An increase in the oscillating stroke also prolongs the period in which V C ϩV M becomes negative in a cycle of oscillation. In this point, it is disadvantageous to the oil infiltration, the same as the increase in the frequency. However, at the same time, the increase in the stroke makes the oil film thicker, as described earlier. The influence of the film thickness on the oil infiltration is very complex, if its variation during the oscillation is considered. But more simply, a larger film thickness facilitates the oil infiltration, because during one cycle of oscillation, the period in which V C ϩV M becomes positive and thus the oil can be infiltrated down is in any case longer than the period in which V C ϩV M is negative. The increase in oscillating stroke has these two opposing contributions on the oil infiltration. In this experiment where both the contributions are probably balanced, the increase in the stroke does not have an apparent influence the infiltration of the oil, as described in Fig. 8 .
Mechanism of Mould Flux Infiltration in Continu-
ous Casting Table 1 summarizes the previous studies regarding the relation between casting variables and mould flux consumption, which includes the observations in the casting operation, the previous theoretical analyses and the present experiment. The table has been prepared regarding the extensive reviews by Wolf 4) and Itoyama. 8) As described earlier, an increase in casting velocity, viscosity of mould flux or oscillating frequency reduces mould flux consumption. The effect of the oscillating stroke has not been sufficiently assessed, because a commonly used mechanical system for mould oscillation, which employs eccentric cams, makes it difficult to vary this parameter in a casting mould. However, some researchers have carried out valuable investigations in which only the oscillating stroke was changed among the casting parameters. In such studies, Kwon et al. 6) observed that mould flux consumption was slightly decreased with increasing the stroke. In contrast, in the model experiment of Tsutsumi et al. 5) where molten steel was solidified on a reciprocating copper chill, an increase in oscillating stroke slightly enhanced mould flux consumption. Nakajima et al. 7) found, at higher casting velocities, the similar dependency of the oscillating stroke to the work of Tsutsumi et al., 5) although they did not independently assess the effect of stroke. Accordingly, those results suggest that oscillating stroke does not have a critical influence on mould flux consumption compared with the other casting parameters.
Among those results, the observed relation between the oscillating frequency and mould flux consumption did not agree with the results of the previous theoretical analyses, as indicated in Table 1 . Furthermore, the observed influence of casting velocity was not reproduced by the theoretical analyses, and thus it was explained indirectly by the change in the strength of an initially solidified shell (*1 on Table  1) . 16, 19) In a more recent study, 20) the liquid film thickness of mould flux was empirically given as a function of casting velocity to compensate for the problem (*2 on Table 1 ).
In contrast, the present experiment has reproduced the observed relation between mould flux consumption and the oscillating frequency, as well as the casting velocity and the viscosity of flux. Another result showing that the oscillating stroke does not provide apparent influence on the oil infiltration will be also in agreement with the observations in continuous casting operation. Accordingly, the infiltration of oil in this experiment is considered the same phenomena as the mould flux infiltration in continuous casting. This supports the following basic concepts of the present model.
(1) The liquid film thickness of mould flux can be varied during each cycle of oscillation, and it is dependent of the balance between static pressure in molten steel and pressure generated in the flux channel. (2) The flux channel below the meniscus, which has critical influence on the pressure in the channel, becomes wider in casting direction. Both concepts, which have not been included in the previous analyses, are essential for the infiltration of mould flux in a continuous casting mould.
On the basis of the present results, a new mechanism of mould flux infiltration is proposed in consideration of mould oscillation (Fig. 10) . In Stage 1, during the early stage of the positive strip time, the liquid flux channel remains closed, even for a while after the upward motion of the mould is started. Next, the further upward motion that makes the upward velocity of the mould surpass the casting velocity (V C ϩV M Ͻ0), which generates positive dynamic pressure in the flux film, rapidly opens the channel (Stage 2). However, in this stage, the flux that is drawn by the upward stroke of the mould flows back in the upward direction. In the following stage (Stage 3) in which V C ϩV M is reversed to be positive, the downward movement of both the solidifying shell and the mould draws mould flux down in the channel. The flux is mainly infiltrated down in this stage. Then, the further down stroke of the mould, which reduces pressure in the channel, rapidly diminishes the liquid film thickness of the flux (Stage 4). And it results in the closing of the flux channel. Repeating this process, mould oscillation stably provides mould flux into the channel. This sequence in a cycle of oscillation is approximately the same as that obtained in our numerical analysis that is based on the same concepts. 24) In the proposed mechanism, the period in a cycle of oscillation during which the mould flux infiltrates is a time interval from tϭt 2 to tϭt 3 in Fig. 3 : from a moment in the latter half of positive strip time to a moment in the latter half of negative strip time. It is not the same as in the previous two mechanisms in which mould flux infiltrates during either the positive strip time 11) or the negative strip time. 12) In the present model, sign of V C ϩV M has a critical influence on the sequence of mould flux infiltration rather than the positive/negative strip, that is, sign of V C ϪV M . Liquid flux is infiltrated down during the period while V C ϩV M becomes positive into the channel that has been widen in the preceding period in which V C ϩV M is negative. Both of the periods contribute to the infiltration of mould flux in the reciprocating mould.
In consideration of the proposed mechanism, mould flux consumption is mainly enhanced by the followings: 1) Increase in maximum liquid film thickness of mould flux in a cycle of oscillation. 24) 2) Increase of time interval in which liquid flux channel is opened during a cycle of oscillation. This is related to the phase shift between the mould oscillation and the oscillating motion of a solidifying shell in our numeri- Table 1 . Relation between casting parameters and mould flux consumption in casting operation, the previous theoretical analyses and the present experiment. cal analysis. 24) 3) Prevention of backward flow during the upward motion of the mould. Effects of the casting parameters on these three factors are summarized on Table 2 . Firstly, the use of viscous mould flux reduces the period in which the channel is opened, which results in the decrease of mould flux consumption. Higher casting velocity diminishes both the maximum film thickness and the channel opening period, and it reduces the mould flux consumption. Oscillation with higher frequency, which does not influence the film thickness and the period of channel opening, induces the backward flow during the upward motion of the mould, and thus it contributes to the reduction of mould flux infiltration. In contrast, large oscillating stroke has positive effect on the enhancement of the film thickness. However, at the same time, the increase of the stroke induces the backward flow that has negative effect on the mould flux consumption. The relation between the oscillating stroke and mould flux consumption will depend on competition of these opposed contributions.
Conclusion
In order to understand the mechanism of flux infiltration in an oscillating mould, a cold model experiment in which the oil is infiltrated in the channel between the rotating belt and the acrylic plate was developed. The experiment has revealed the following:
(1) The oscillating motion of the belt provided the periodic opening and closing of the oil channel. The upward motion of the belt mainly enhanced the film thickness of oil in the channel, and the downward motion reduced the film thickness. This is attributed to the dynamic pressure in the oil channel that is generated by the movement of the belt.
(2) The calculated infiltration rate that was deduced from the measured film thickness revealed that the oil infiltrates down mainly during the downward motion of the belt. This period corresponds to the time interval from the final part of the positive strip time to the latter half of the negative strip time.
(3) The oil infiltration calculated from the measured film thickness, which represents mould flux consumption in continuous casting, was reduced by an increase in the following experimental parameters: the oil viscosity, the time independent velocity of the belt and the frequency of the belt oscillation. The other parameter, the oscillating stroke, did not show apparent influence on the oil infiltration. These results are in agreement with the observed relations between mould flux consumption and the casting variables represented by these experimental parameters.
(4) The results described in (3) supports the following concepts that have been newly considered in this model experiment. 1) The liquid film thickness of the flux channel is varied with the balance of forces acting on a solidifying shell: the ferrostatic pressure, and the dynamic and static pressure generated in the flux channel.
2) The flux channel has the profile that it becomes wider along the casting direction. Both concepts are critical for the infiltration of mould flux.
(5) Based on the experiments, a new mechanism of mould flux infiltration has been proposed. In this mechanism, liquid flux infiltrates from the final part of the positive strip time towards the latter half of the negative strip time. In this period, the flux channel that is widen by the upward stroke of the mould remains opened, and the downward movement of the strand and mould draws the liquid flux down through the channel.
